The intravenous injection of fluids has been frequently utilized to study the dynamics of the circulation. The purpose of this study is to describe the response of intact dogs to such injections. In a previous paper (Swank, Porter and Yeomans (1) ), the infusion method described in this paper was used to study changes in the adaptability of the cardiovascular system in thiamin deficient dogs.
METHODS
The following experimental procedure was finally adopted. Non-pregnant female dogs, weighing between 10 and 18 kgm., were used. After fasting 18 to 24 hours, the animal to be studied was anesthetized with an intravenous solution of alpha chloralose (100 to 110 mgm. per kgm. of body weight) or pentobarbital sodium (33 mgm. per kgm.), and placed on its back on a dog board, with its legs lightly secured. Number 18 Lindeman needles were placed in one jugular and one femoral vein, and a glass catheter was placed in the bladder. The needle in the femoral vein was attached, by a side-arm syringe and rubber tubing, to a copper coil kept at a constant temperature by a water bath. The infusion fluid flowed through this coil from a glass reservoir which could be read accurately to 10 cc. The speed of flow of the infusion was regulated by raising or lowering the reservoir. The needle in the jugular vein was attached to a manometer containing Ye molar sodium carbonate solution. This solution was allowed to run into the jugular needle at the rate of approximately 4 to 5 cc. per hour, as described by Trendelenburg (2) . This prevented the blood from clotting and allowed the venous pressure to be accurately indicated throughout the experiment. Since it would have been necessary to sacrifice each animal to determine accurately the level of the right auricle, the back of the animal was arbitrarily chosen as the zeropoint for venous pressure. This seemed sufficient for our purpose as we were interested in comparing the results of different infusions in the same animal, and in changes in venous pressure rather than in absolute values. A rubber tube of 5 mm. internal diameter was placed in the dog's trachea to assure a free air passage.
After the venous pressure and heart rate had been recorded several times, the infusion was begun and run for 30 minutes by stop watch, at the rate of 2.5 to 5.0 cc. per kgm. per minute. At 2 minute intervals during' the infusion, the jugular venous pressure, the heart rate, and the amount of the infusion were read and recorded. The urine output was measured at 10 minute intervals. After the infusion was discontinued, venous pressure, cardiac rate, and urine output were observed until the, venous pressure returned to, or nearly to, normal. The length of the infusion period and its volume were chosen because they were found to approach the limit of tolerance in healthy dogs. Moreover, this period allowed the venous pressure in normal dogs to become adjusted to the increased plasma volume. With alpha chloralose, the anesthesia was quite satisfactory throughout the entire experiment, whereas with pentobarbital sodium it was frequently necessary to give additional anesthetic toward the end of the infusion. Arterial pressures in mm. Hg, when taken, were determined directly, by inserting a needle into the femoral artery. Clotting in the needle was avoided by allowing a small amount of Ye molar sodium carbonate to run into the artery continuously (2) .
During some of the infusion experiments the following supplementary data were obtained:
(1) The oxygen consumption was determined with a Benedict-Roth apparatus. This was connected to the dog by means of a Blalock mask (3).
(2) Measurements of the cardiac output were obtained by means of the Fick formula. Blood was drawn under oil simultaneously from the right heart and a femoral artery. The heart was auscultated during this procedure and gross changes in its rate were noted. The oxygen content and capacity of the blood samples were immediately determined in duplicate by the method of Van Slyke and Neill (4 (5) Changes in the heart size during infusion were determined by repeated x-rays using a standard distance -of 6 feet. 1 The advantage in accuracy, of avoiding interruption of infusion while reading pressure, which the use of a separate vein provides, may be seen in Figure 1 . Discontinuance of infusion for one minute at A and B caused a large fall in pressure.
(6) Measurements of the portal venous pressure were recorded directly in 2 experiments. In one, the abdomen was opened and the needle inserted in the portal vein; in the other, the needle was inserted in a splenic vein of an animal whose spleen had been previously extraperitonealized under the skin.2 (7) The total serum proteins were determined by the Kjeldahl method with Nesslerization, in blood drawn just prior to and at the end of infusion. (8) . In one infusion experiment, the pulmonary venous pressure was measured directly, by means of a catheter inserted into the left auricular appendage.
OBSERVATIONS
More than 100 infusions, in 17 dogs, form the basis of the following report. The venous pressure, heart rate, and volume of flow of the infusion fluid were recorded in every experiment. The additional observations mentioned above were collected to an adequate extent. Experiments were also devised to permit measurements of venous pressure in the portal and pulmonary systems.
Peripheral venous pressure. The intravenous injection of fluid at rates of 2 to 6 cc. per kgm. per minute caused the venous pressure to rise-in all instances. Examples of this are shown in Figures 1 to 4 10 , and 11). The shape of the venous pressure curve was influenced markedly by the speed of infusion. In general, it can be said that the greater the speed of infusion, the more rapid the rise in venous pressure. The changes shown in Figure 4 are fairly representative, although variations from this relationship were not uncommon.
Solutions of normal saline (0.85 per cent), and of 10 per cent dextrose in normal saline, were used to determine the effects of an isotonic and hypertonic infusion fluid upon the venous pressure. Table I shows that hypertonic glucose solutions caused the venous pressure to rise very much faster than did normal saline. In fact, it was usu- (Table II) . In each of these, both the initial and final portal venous pressures were higher than the initial or final peripheral venous pressures, although, in one instance, the portal pressure rose more than the systemic venous pressure, and in the other, it rose somewhat less. A high portal pressure was also evidenced by the development of a marked swelling of the abdomen and enlargement of the liver during all infusions, and swelling of the spleen in the 2 cases in which the size of this organ could be determined. Pulmonary venous pressure.3 The effect of infusion on the pulomnary circuit was studied in one experiment ( Figure 5 ). Under alpha chloralose anesthesia, a rubber catheter was stitched into the left auricular appendage and the usual manometer attached. After the left lung had been reexpanded, an infusion of saline was given, and the peripheral venous and left auricular pressures were recorded. Before the infusion, the auricular pressure rose and fell some 80 mm. with expiration and inspiration, respectively. After the auricular pressure had risen as a result of infusion, these marked respiratory excursions gradually decreased, but appeared again, following the cessation of infusion. The graph of this experiment shows that the pressure in the pulmonary circuit rose more rapidly and to a much higher level than was observed in the peripheral venous circuit dur-ing infusions of the same speed. In this experiment, no pulmonary rales were heard, but a systolic murmur and a gallop rhythm appeared.
Plasmna volume: 4 Representative studies of the plasma volume changes during infusion are shown in Table III and Figure 6 . Calculations of the total blood volume are not recorded, as the red blood cell volume during and after infusion fluctuated markedly, probably because of an uneven dilution of the red blood cells which occurred during the infusion.
The infusions of 10 per cent dextrose in saline not only produced a much greater increase in plasma volume than did saline alone, but did so even when the infusions were slower. Apparently this very hypertonic solution caused fluid to be drawn into the blood stream from outside the vascular system in addition to that injected, since in dog 14 the total amount of injected fluid at the termination of infusion was less than the fluid 4We wish to express our appreciation to Dr. John G. Gibson, II, for his aid in these studies. which had been added to the initial plasma volume, and in dog 10, an addition, to the plasma volume of 1572 cc. had taken place, whereas but 1400 cc. of fluid had been injected at the twentieth minute of infusion. Another indication of this very marked increase in the blood volume is to be found in the alarming rise in venous pressure, mentioned before. Both during and after 10 per cent glucose in saline infusions, a tremendous diuresis occurred. Usually, the plasma volume returned to normal more rapidly after glucose than after saline injections.
Serum proteins. The total serum proteins were decreased by all infusions (see Table IV ). At rates of flow between 55 and 70 cc. per minute, the total protein content of the serum was almost halved. The non-protein nitrogen also fell during infusions, but less than the proteins.
Heart rate. In dogs anesthetized with pentobarbital sodium, the heart rate was usually rapid and quite variable, both before and during infusion. The sinus arrhythmia was never marked. There was a tendency, however, for the rate to increase toward the termination of infusion and sometimes it exceeded 200 beats a minute. With chloralose, the heart rate was more often relatively slow preceding the infusion, and the sinus arrhythmia, normally marked in dogs, was unchanged. In the majority of experiments, the heart rate increased within the first 2 minutes of injection, and continued to increase throughout the infusion, to reach a rate approximately 40 to 70 beats faster than was observed before infusion.
Arterial blood pressure. The recording of the mean arterial blood pressure, during 5 infusions on 4 animals, showed a rise of 10 to 20 mm. of mercury during the latter part of the infusion, in 4 instances. During 3 injections, this rise was preceded during the first 16 minutes by a slight temporary fall (about 10 mm. of mercury) in the mean pressure.
Cardiac output. The cardiac output was determined, during infusion on 17 occasions, in 6 normal dogs under chloralose anesthesia. In Figure  7 , the increase in cardiac output is plotted against the duration of the infusion. This demonstrates that the greatest increase in cardiac output occurred during the first few minutes of the infusion. In 2 instances, it was shown by successive cardiac outputs taken during the same infusion that there was a slight further increase in cardiac output during the latter part of the infusion period. Isolated studies on different dogs on different days (Figure 8) sinus arrhythmia normally present in alpha chloralose anesthetized dogs. Extrasystoles were noted only once during infusion.
In 4 dogs that had each received 7 to 15 infusion tests, systolic murmurs were observed during basal conditions. This suggests that the heart had become affected permanently by this procedure. A systolic murmur, usually heard best to the left of the sternum, almost always developed during an infusion. Although the venous pressure was always elevated to some degree when the murmur appeared, it could not be correlated with any specific elevation in this pressure. Neither could it be correlated with a rise in heart rate, since in some experiments with pentobarbital sodium, the murmur appeared when the cardiac rate was slower than before infusion. During the recovery period, the murmur usually disappeared at about the level of venous pressure where it was first noted during the infusion. Despite this relationship, it is probable that the murmur is more directly associated with cbanges in the pulmonary than in the peripheral venous pressures.
Usually, during the second 10 minutes of infusion and shortly after the appearance of the systolic murmur, a gallop rhythm was noted. The additional third sound was first audible during the height of inspirations and soon after throughout the respiratory cycle. By means of a phonocardiogram, with simultaneous jugular pulse and electrocardiogram, the presence of this extra sound was clearly established (Figure 9 ). Careful examination of the control record (A) reveals that no sound was recorded during diastole just before the occurrence of the first heart sound. During the infusion, when a gallop rhythm could be clearly auscultated (B), a new sound was recorded, just before the first heart tone. This seems to identify the gallop rhythm as presystolic in time.
No relationship was found between heart rate and the appearance of the gallop rhythm in dogs anesthetized by pentobarbital sodium. Indeed, in 11 of a series of 19 infusions, the heart rate was below the preinfusion rate at the time the gallop rhythm first became audible. The slowest heart rate associated with a gallop rhythm in pentobarbital anesthetized dogs was 112 beats per minute, the most rapid, 204 beats per minute. In these same animals, the venous pressure was elevated between 20 and 130 mm. of water. With alpha chloralose as an anesthetic, the gallop rhythm was noted only when the heart rate was increased over basal levels, e.g., to between 134 and 180 beats per minute, and usually, when the venous a a . general, it may be said that when the gallop rhythm appeared with a heart rate in the lower range, the venous pressure was more frequently in the upper range; when the heart rate was in the upper range, the venous pressure was in the lower range. With both anesthetics, it is probable that the gallop rhythm, like the systolic murmur, was related more directly to changes in the pulmonary than in the peripheral venous pressure.
Heart size during infusiont. X-rays of the heart during infusion were dogs. In 2 of the experiments, the anesthetic was pentobarbital sodium, and in 2 others, alpha chloralose. There was a progressive increase in heart diameter during infusion, the greatest being 1 cm. The diameter of the heart appeared to increase more rapidly and to a greater extent under pentobarbital sodium, but this could not be substantiated by careful measurements of the circumference of the heart.
Oxygen consumption during infusion. The oxygen consumption during an infusion generally increased somewhat, the amount of increase in the majority of instances varying between + 1 and + 13 per cent. The apparent vigor of the heart action was increased, and respiration was accelerated, although slightly diminished in depth. These heightened activities probably account in part for 
DISCUSSION
By rapidly increasing the plasma volume, many of the phenomena observed in patients with congestive heart failure (e.g., a rise in peripheral venous pressure, an increase in the heart size and rate, the development of a systolic murmur and gallop rhythm, and swelling of the abdomen, liver, and spleen) were produced in the dog. It is significant that our dogs differed from most patients with congestive heart failure in their ability (a) to maintain a high cardiac output and (b) to prevent the venous pressure from rising above a critical level; this, in spite of the fact that the plasma volume had increased very much more than it does Jugulhr Venous Pressure .. in patients with cardiac failure. In this connection, it is impossible to overstate the importance of a healthy and vigorous heart.
Of considerable interest was the stabilization of the venous pressure during the later part of the experiment. This evidently indicates adjustment of the cardiovascular system to a greatly increased blood volume. The following and perhaps other factors were jointly responsible for this: (1) a continued increase in the cardiac output, (2) an increase in the fluid removed from the vascular system, and (3) an increase in the capacity of the vascular system. The cardiac output probably played a relatively small part, since by far its greatest increase occurred early, and while the venous pressure was still increasing rapidly. On the other hand, during the latter part of some infusions, especially when glucose solutions were used (see Figure 6 ), it was evident from blood volume studies that fluid was being lost from the intravascular system by way of the kidneys or into the tissues of the body at a very rapid rate. In these experiments, the loss of fluid must have been instrumental in maintaining the venous pressure at a fairly constant level. In others, an increase in the capacity of the vascular system must have been equally effective, since the plasma volume continued to increase steadily. Evidences of this increased capacity were to be found in the dilated peripheral, portal, and pulmonary venous channels, the increased size of the abdomen, liver, spleen, and heart, and congestion of the lungs. Dilatation of the peripheral capillary system, which occurs soon after an infusion is started (6, 7) , must also have played a role. It should not be assumed from this discussion, however, that the increased venous pressure-was anything but helpful, provided it did not rise too high. No doubt this increased the cardiac output and helped to maintain an appropriate distribution of blood.
Whenever, in these experiments, a rapid elevation of peripheral venous pressure occurred during the period when this pressure was usually stable, or pulmonary rales developed (Figures 10 and 11 ) , one must assume that the ability of the cardiovascular system to adjust itself to its increased load had been exceeded, and that the elevated venous pressure which was previously helpful, now by virtue of an overdistention of the cardiovascular system, constituted a menace. This may be considered in some degree a counterpart of cardiac failure in humans, but certain obvious qualifications need be mentioned. First, the plasma volume was very rapidly increased in our dogs, whereas it is probable that, in humans with cardiac failure, the plasma volume increases much more slowly. Theoretically, it would seem that such a sudden change would produce a maximum stimulation of the heart and at the same time allow a minimum opportunity for an increase and adjustment in the capacity of the vascular system. Second, the concentration of both the plasma proteins and some electrolytes was greatly reduced by this sudden addition of fluid to the blood (8), thus lowering its osmotic pressure, and facilitating the production of pulmonary rales and indistinguishable edema elsewhere. It is interesting to note that pulmonary edema was more apt to develop during glucose infusions, even though this hypertonic solution drew fluid into the vascular system from the interstitial tissues. Apparently, the greatly increased blood volume elevated the hydrostatic pulmonary pressure sufficiently to overcome the osmotic pressure. This would seem to point to the presence of a very high pulmonary capillary pressure in these experiments.
Probably our most interesting observations concerned the pressure relationships which developed during infusion in the general, portal, and pulmonary venous systems. Notably the pressure in the left auricle, which preceding infusion was lower than the general venous pressure, rose very rapidly and to a much higher level than did the general venous pressure. Following infusion, it also fell to normal much more rapidly. This would seem to indicate that the resistance to the flow of blood through the lungs became enormously reduced during infusion, thus allowing a large part of the pulmonary arterial pressure to be transmitted to the venous side of the circuit. Within limits, this increased left a1uricular pressure would be helpful by increasing the cardiac output. Too great a rise in pressure would eventually lead to pulmonary edema and (unless the infusion were stopped) death. Figures 10 and 11 show two instances in which pulmonary edema occurred in the absence of a greater than usual increase in the peripheral venous pressure. In both of these instances, glucose infusions were used, but this observation was true of saline infusions as well. It is of considerable interest that the pressure in the left auricle can rise so high ( Figure 5 ) without the occurrence of pulmonary rales. In a recent paper dealing with left heart failure in patients, Burwell (9) discussed this same experiment, pointing out how independent of one another the left and right sides of the heart can be in patients.
The portal pressure in two instances was higher than the preinfusion general venous pressure, and rose to a level intermediate between the general venous and left auricular pressures. Two anatomical facts are of interest in this connection. First, the portal system veins have very thick muscular walls, capable, it would seem, of withstanding a considerable increase in pressure. Second, in dogs, circular muscular bands are present in the walls of the hepatic veins. These are so disposed as to be theoretically capable of checking the flow of blood (10) , and consequently could effect a storage of blood in the portal system. In fact, this seems to have occurred during infusion since in addition to a marked elevation of the portal pressure, and increase in the size of the spleen in two cases, in all cases marked swelling of the liver and of the abdomen was observed. These facts seem to indicate that the portal, as well as the pulmonary system contained more than its share of the increased plasma volume during infusions. A similar mechanism could operate in patients with congestive heart failure.
SUMMARY
Rapid infusion in dogs produced: (1) Congestion in the peripheral, pulmonary, and portal venous systems, evidenced by rises in their venous pressures, swelling of the abdomen, liver, and spleen, and in some cases, pulmonary edema, (2) An increase in plasma volume and a dilution of the serum proteins, (3) An increase in the heart rate, heart size, and cardiac output, (4) Gallop rhythm and systolic murmur, (5) An increase in oxygen consumption.
.AA -Z-Z These phenomena and their relationship to congestive failure in humans are discussed. An explanation is offered for the stabilization of the peripheral venous pressure, which takes place during infusion.
